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Abstract 
During each turnover of cytochrome oxidase (dioxygen reduced to water), eight protons are taken up from the inside of 
the membrane, four protons being used for chemistry (water formation) and four protons being pumped across the 
membrane. The two available X-ray structures of cytochrome c oxidases indicate three possible pathways for proton 
conduction within the enzyme: the D-, K- and H-channels. The putative H-channel is most clearly defined in the structure of 
the bovine oxidase. Mutants designed to examine the role of the H-channel in bacterial oxidases have failed to provide 
convincing evidence, so far, concerning the functional importance of this putative channel. In contrast, studies utilizing 
site-directed mutants provide strong evidence that the D-channel and K-channel are functionally important. Mutants in the 
K-channel are clearly defective in one or more steps associated with the first part of the catalytic ycle, i.e., the reduction of 
the heme/copper binuclear center. Mutants in the D-channel are defective in steps following the interaction of dioxygen 
with the reduced heine/copper center. A possible explanation of these observations i offered that proposes a direct 
hydrogen atom transfer from a modified tyrosine at the active site to the distal oxygen atom of dioxygen bound to heme a 3. 
© 1998 Elsevier Science B.V. 
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1. Introduction 
This paper is intended as a brief review of the 
evidence concerning the proton movements within 
cytochrome oxidase that must occur as part of 
catalytic turnover. It is generally agreed that for each 
turnover (four-electron reduction of dioxygen to two 
equivalents of water), eight protons are taken up by 
the enzyme from the 'inside' bulk aqueous phase 
(electrically negative, corresponding to the bacterial 
cytoplasm or mitochondrial matrix). Four protons 
combine with oxygen in the chemistry of formation 
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of water, and are referred to as 'chemical' or 'sub- 
strate' protons. Since the active site where the oxygen 
chemistry occurs is buried within the protein and 
located near the opposite side of the membrane [1- 
3], there must be one or more pathways to facilitate 
the proton movement needed for this process. The 
four remaining protons of the eight taken up (per 
dioxygen) are pumped across the membrane. The 
movement of both the chemical and pumped protons 
within the enzyme contributes ubstantially to the 
transmembrane voltage generated by cytochrome 
oxidase [4,5], and this is ultimately driven by the free 
energy of the chemistry of dioxygen reduction at the 
heme/copper center. 
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Three possible proton-conducting pathways have 
been observed in the X-ray structures of the bovine 
[1] and Paracoccus [2,3] oxidases. These are referred 
to here as the D-, K- and H-channels, for con- 
venience. These three putative channels appear to 
provide continuous hydrogen bond networks, starting 
from the inner (negative) surface. The D-channel 
contains a highly conserved aspartic acid residue 
(D132 in Rhodobacter sphaeroides) near the entrance 
and, in the bacterial oxidase, leads to a critical 
glutamic acid (E286 in the R. sphaeroides oxidase) 
located near the heme-copper center [2,3]. The 
pathway beyond E286 is not clear, and this channel 
could be used for the translocation of either pumped 
protons or chemical protons. The K-channel is named 
for a highly conserved lysine residue (K362 in the R. 
sphaeroides oxidase) and appears to provide a pos- 
sible route for protons directly to the hydroxyl moiety 
of Y288 (bovine Y244; Paracoccus Y280) at the 
active site of the enzyme. For this reason, it has been 
proposed that the K-channel is the pathway for 
translocation of substrate protons [3]. The third 
channel is described in detail only for the bovine 
oxidase [1], but a similar pathway has also been 
reported recently in the Paracoccus oxidase [2]. This 
begins at an aspartate (D407) at the matrix (negative) 
side of the bovine oxidase and can be extended across 
to the cytoplasmic surface. Since this hydrogen bond 
network does not approach the heme/copper center, 
it has been suggested that this putative channel may 
be specifically involved in proton pumping [1]. The 
amino acid residues involved in this channel are not 
as highly conserved as those in the D- or K-channels, 
even within eukaryotic organisms, although most of 
the residues are identical in the oxidases from P. 
denitrificans and R. sphaeroides. In the R. sphaer- 
oides oxidase, the equivalent of bovine D407, which 
is located at the putative channel entrance, is E450 
(E442 in Paracoccus). The next residue identified 
within this hydrogen bond network is bovine H413 
(Paracoccus H448; R. sphaeroides H456). This 
channel has been referred to as the E-channel [6], but 
perhaps H-channel (for the common histidine) would 
be more suitable. Studies with site-directed mutants 
have been helpful in beginning to sort out the 
significance of these putative channels. 
The question of the pathways used for proton 
movement within the enzyme is intimately tied to 
questions concerning the functional mechanism of the 
oxidase, namely (1) the oxygen chemistry at the 
active site and (2) the mechanism by which the 
chemistry is coupled to the process of proton pump- 
ing. There are major uncertainties in each of these 
areas and they are interconnected. 
2. Catalytic cycle, the nature of compound P, 
and proton pumping 
The catalytic ycle can be considered to start with 
the fully oxidized enzyme (species Ox) (for a more 
detailed discussion, see [7-9]). Cytochrome c pro- 
vides electrons, via the conduit made up of the redox 
centers Cu A and heme a, to the heme a3/Cu B 
binuclear center, which is the active site of the 
enzyme. At least two electrons are required before 
the enzyme will bind to dioxygen. Reduction of the 
heme/copper center, forming species R (reduced), is 
accompanied by the uptake of two protons by the 
enzyme [10,11], the exact value depending on pH 
[11], which can be viewed roughly as a matter of 
charge balance at the active site of the enzyme [12]. 
The reaction of dioxygen with the enzyme results in 
the transient formation of compound P [13,14], a step 
that is not accompanied by further uptake of protons 
from the medium [10,15]. The addition of another 
electron to compound P, via heme a, results in the 
formation of compound F [16], accompanied by the 
uptake of another proton from solution. Experimental 
evidence [7] clearly shows that the O-O bond of 
dioxygen is broken in compound F; one oxygen atom 
is reduced to water (or hydroxide) and the other 
remains bound to heme a 3 as an oxoferryl  species 
(Fe4+=O 2- OH 2 Cu2+). The delivery of another 
electron to the heme/copper center, once again 
accompanied by a proton taken up from solution, 
yields back the ferric state of heme a 3 plus hydroxide 
[7,17]. 
A critical question concerns the nature of com- 
pound P or 'peroxy' intermediate, so-called from the 
assumption that the enzyme in this form should have 
bound at the active site a two-electron reduced form 
of dioxygen, i.e. peroxide (Fe +3 -O-O-  Cu +2) or 
hydroperoxide (Fe +3 -O-OH Cu+2). However, there 
is an increasing body of evidence suggesting that the 
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O-O bond is already broken at this stage of the 
reaction, which would make the oxygen chemistry 
very similar to that of the peroxidases, i.e., com- 
pounds P and F of cytochrome oxidase would be the 
equivalent of compounds I and II of the peroxidases 
(see [7-9]). This would require the addition of one 
more electron to be shared by the heme and oxygen 
species in compound P (Fe4+=O 2 HO Cu2+). 
Furthermore, depending upon how one generates 
compound P, one can have a form in which Cu B is 
reduced or another where Cu B is oxidized (PR VS. 
PM), and these species are optically indistinguishable. 
If the O-O bond is broken in compound P, then 
where does the additional electron come from? What 
distinguishes the P and F intermediates spectros- 
copically if they are both oxoferryl heme a3? What 
are the protonation states of the oxygen species at 
different stages of the reaction? These questions are 
interrelated, and they may not necessarily have 
simple answers. 
Wikstrrm [18] has presented a thermodynamic 
argument that proton pumping is coupled specifically 
to the P--->F and the F--->Ox transitions during 
catalysis, i.e., only those steps following the forma- 
tion of compound P are coupled to proton pumping. 
This conclusion is at least qualitatively consistent 
with experimental data [4,15,19,20], including studies 
of the time-resolved generation of the membrane 
potential [4,5,21,22]. This has provided a framework 
for discussing the mechanism of proton pumping by 
the oxidase, and the nature of this discussion is 
dependent upon defining the chemical nature of 
compound P and on what reactions are encompassed 
by the operationally defined P---->F and F---~Ox transi- 
tions. What is meant by the 'P' state (or sequence of 
states) and what is measured in different experiments 
is clearly of importance in understanding how the 
enzyme works as a proton pump. 
3. Site-directed mutagenesis of residues in the 
putative channels 
The distinction between the portions of the cata- 
lytic cycle before and after the formation of com- 
pound P has arisen independently in experiments with 
mutants in the putative proton channels [20,22-25]. 
The portion of the cycle P--->F--->Ox has been referred 
to by Vygodine et al [19,20] and Konstantinov et al. 
[26] as the peroxidase part of the catalytic cycle 
because these steps can be considered to be similar to 
those of classical peroxidases. Indeed, cytochrome 
oxidase displays peroxidase activity [20,23,26]. The 
first half of the catalytic cycle is referred to as the 
eu-oxidase portion, consisting of Ox--->R--->P. Mutants 
in the K-channel have their primary defect in the 
eu-oxidase portion of the catalytic ycle [20,22-25], 
whereas mutants in the D-channel appear to be 
defective in one or more steps in the peroxidase 
portion of the catalytic ycle [20,22,27-29]. 
3.1. The K-channel 
Two critical components of the K-channel are 
K362 and Y288, the very highly conserved tyrosine 
at the active site of the oxidase. All mutational 
substitutions for Y288 result in elimination of oxidase 
activity [6,30]. The hydroxyl group of Y288 is 
sufficiently close to hydrogen bond to dioxygen 
bound to the Fe of heme a 3 and, perhaps, to function 
as a proton- or hydrogen atom donor to dioxygen 
during catalysis [1]. Recent structural studies show 
that this tyrosine is actually covalently linked to 
His-284 by a post-translational modification. This has 
been shown for both the Paracoccus oxidase (Y280/ 
H276) [2] and the bovine oxidase (Y244/H240) (S. 
Yoshikawa, pers. comm.) and, furthermore, suggests 
an important functional role for this residue. 
The K362M mutant of the R. sphaeroides oxidase 
also has virtually no cytochrome oxidase activity 
[20,22,24,25,31], as is also the case for the equivalent 
mutants in the Paracoccus oxidase [6] and also in 
cytochrome bo 3 from E. coli [32]. This inhibition 
appears to be entirely due to the difficulty in reducing 
the heme/copper center (Ox--->R) in this mutant 
[20,22-25]. The reduction of the heme/copper center 
is accompanied by the uptake of two protons by the 
enzyme, and it has been shown that the observed rate 
of electron transfer to the heme/copper center is 
limited by the rate of protonation of one or more sites 
[33]. Therefore, it is plausible to postulate that the 
K362M mutant blocks the rapid protonation of sites 
at or near the heme/copper center, thereby effectively 
preventing reduction of the metals. An alternative 
suggestion is that the 'K-channel' may not function 
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as a channel at all, but may be a 'dielectric well', 
providing dielectric stabilization of the reduced met- 
als at the heme/copper center [24,34]. Presumably, 
this would involve movement of charges or dipoles 
not associated with the proton uptake. In summary, 
the mutagenesis of K362 appears to selectively block 
Ox~R, implying that the K-channel is probably 
limited to providing a pathway for up to two protons. 
3.2. The D-channel 
As defined by the structure of the Paracoccus 
oxidase [2,3,35], the pathway of the D-channel 
proceeds from D132, at the entrance, to E286 (R. 
sphaeroides numbering; D124 and E278 in the 
Paracoccus oxidase), near the heme/copper center. 
Mutagenesis tudies strongly indicate an important 
function for the D-channel [6,36-38]. The reactions 
of the fully reduced enzymes with dioxygen indicate 
that the E286 mutants in the oxidases from E. coli 
[28,29] and R. sphaeroides [27] are blocked follow- 
ing the formation of compound P or some other 
closely related oxygenated species. Furthermore, 
although the data are limited [20], the D132N mutant 
in R. sphaeroides does not appear to be blocked in 
the reduction of the metal centers (Ox--~R). Residual 
activity can be measured for the D132 mutants of the 
R. sphaeroides oxidase [37], for the equivalent 
(D135) mutants of cytochrome bo 3 from E. coli 
[36,39], as well as for E286 mutants in cytochrome 
bo 3 [29]. In each of these cases, the residual activity 
is decoupled from proton pumping. In summary, the 
data suggest hat D132 and E286 are functionally 
associated, as implied by the structure of the 
Paracoccus oxidase, and that it is plausible to ascribe 
a role in the translocation of pumped protons to the 
D-channel. There also appears to be a conformational 
connection between E286 and Cu B in cytochrome 
bo3, possibly via a bridge of several water molecules 
[40]. This could provide a proton-conducting hydro- 
gen bond network for delivering both substrate and 
pumped protons via E286, which could toggle be- 
tween different conformations. Since the mutants in 
the K-channel do not appear to have a dramatic effect 
on steps in the peroxidase portion of the catalytic 
cycle (P----rF---~Ox) [20], it is plausible that both the 
chemical protons and the pumped protons associated 
with these steps are translocated through the D- 
channel. 
3.3. The H-channel 
The H-channel has been suggested toplay a role in 
proton pumping in the bovine oxidase [1]. Until 
recently, there were no mutagenesis studies to ex- 
amine the functional importance of this putative 
structure in the bacterial oxidases. The residues 
comprising the H-channel essentially are not con- 
served in cytochrome bo 3 from E. coli, but they are 
highly conserved in both the Paracoccus and R. 
sphaeroides oxidases. Work from Ludwig's group has 
provided the first data from mutants of the Paracoc- 
cus oxidase [6], and preliminary results are also 
available from our group (Lee and Gennis, unpub- 
lished). The H-channel in the bovine oxidase includes 
side chains from the following residues (starting from 
the entrance at the matrix side): D407, H413, T424, 
$461, $382, $454, Q428, R38, N451, and Y443. 
Many of these residues are located in helix IX and 
helix XII of subunit I. The equivalent structure in the 
Paracoccus oxidase includes E442, H448, $456, 
$489, $490 and $496. Each of these residues has 
been altered in the Paracoccus oxidase, including a 
double mutant $489/$490. Essentially, the mutants 
exhibit no dramatic effects on oxidase activity or 
proton pumping, with the exception of the H448L 
mutant, which appears to be structurally defective 
(loss of heme a) and is devoid of activity. In the R. 
sphaeroides oxidase, residues that correspond to 
components of the H-channel include E450, H456, 
$425, T467, $504 and Q471. Mutations at each of 
these sites have been constructed and the enzymes 
purified, and all have between 70 and 100% of the 
wildtype cytochrome oxidase activity, with the pos- 
sible exception of H456A (corresponding to the H448 
mutant in the Paracoccus oxidase). Further analysis 
is in progress. In summary, the data at this point do 
not provide support for an important role for the 
H-channel in the bacterial oxidases, although addi- 
tional studies are warranted. 
4. Summary of some recent developments 
4.1. Two-channel model for proton input 
As described above, the current data suggest that, 
in the bacterial oxidases, it is reasonable to consider 
important roles for the D-channel and the K-channel, 
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and to exclude, at least for now, a role for the 
H-channel. This two-channel model for proton input 
could be altered by additional experimental studies, 
but is justified at this time. There is little evidence 
concerning the pathway of protons to the cytoplasmic 
side of the membrane, i.e., the output channel for the 
pumped protons. This portion of the oxidase appears 
to be very hydrophilic, suggesting possibly numerous 
pathways beyond a point just above the level of the 
heme-copper center. 
4.2. Roles of the D-channel and K-channel 
It was proposed by Iwata et al. [3] that the roles of 
the two channels are distinguished by providing 
separate pathways for chemical protons (K-channel) 
and pumped protons (D-channel). The more recent 
data, however, suggest that the roles of the two 
channels correspond to different steps in the catalytic 
cycle, as discussed above. Whether the protons (up to 
two) delivered via the K-channel are substrate 
(chemical) protons or are temporarily stored and 
destined to be pumped has not been addressed 
experimentally and can be modeled either way. 
4.3. Radical thoughts 
The covalent link between Y288 and H284 [2], 
which is ligated to Cu B, may have functional impor- 
tance. Two possible consequences are that (1) the 
pK a of the Y288 hydroxyl could be lowered so that 
this residue might be deprotonated under certain 
conditions and (2) the redox potential of this tyrosine 
might be altered so that the transient formation of a 
tyrosine radical should be considered more seriously 
as part of the chemistry at the active site. This is a 
role established for tyrosine in other enzymes and 
would not necessarily even require the post-transla- 
tional modification observed in the oxidase. Recently, 
it has been suggested that, in the chemistry of the 
photo-oxidation of water to dioxygen by photosystem 
II, a tyrosine radical (Tyrz) abstracts a hydrogen 
atom from water coordinated to the Mn cluster [41]. 
This corresponds, in essence, to the reverse of a 
reaction that can be postulated to occur at the active 
site of cytochrome oxidase, i.e., hydrogen atom 
donation to dioxygen during the reduction of diox- 
ygen to water. The idea of an amino acid radical 
providing additional redox equivalents during the 
cytochrome oxidase catalytic mechanism is not new, 
though it has not been generally favored [13,42-44]. 
Nevertheless, consideration of such a radical offers 
interesting, plausible and testable mechanistic possi- 
bilities, and this is included in the speculative scheme 
described below. 
5. Proposed scheme 
The scheme below (see Fig. 1) is motivated 
primarily to offer a chemically reasonable xplana- 
tion for the use of two proton-conducting channels in 
different steps in the catalytic ycle, but also incorpo- 
rates other elements uggested by recent work dis- 
cussed above. The essential new element is the 
suggestion that the hydroxyl of the active site 
tyrosine (Y288) can function as a hydrogen (proton 
plus electron) donor to the distal, but not the proxim- 
al, oxygen atom of dioxygen bound to the heme a 3 
Fe. The following scenario might explain the limited 
role of the K-channel and can be experimentally 
tested. 
(i) Y288 is proposed to be deprotonated (tyrosi- 
nate) in the fully oxidized state of the enzyme. 
Although the pK a of tyrosine is normally near 10.5, 
the excess positive charge due to the oxidized metals 
and the covalent link to H284 (ligated to Cu B) might 
substantially reduce this value. One of the two 
protons taken up by the enzyme upon reduction of the 
binuclear center is proposed to protonate Y288. The 
other proton is probably used to form water from a 
hydroxide associated with the metals (probably Cu B). 
The effect of the K362M mutation can easily be 
rationalized as blocking the rapid protonation of 
Y288 (and, probably, the metal-coordinated hydrox- 
ide as well) and, consequently, preventing the rapid 
reduction of the binuclear center. This is proposed to 
be a kinetic effect rather than an effect of K362 on 
the pK a of the tyrosine hydroxyl [45]. The pK a of 
Y288 in different states of the oxidase is of evident 
interest, and it should be possible to determine this 
experimentally. If Y288 is deprotonated in the oxi- 
dized enzyme, this would also be a good candidate 
for binding a proton accompanying anion binding to 
the heme/copper center. 
(ii) The binding of dioxygen to the reduced 
binuclear center results in the oxidation of both 
metals (Cu~ to Cu2B + and Fe 2+ to Fe 4+) as well as 
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Fig. 1. A schematic illustrating the proposed model for the mechanism of cytochrome oxidase. The Fe represents heme a 3 and the copper is Cu B. Only the 
His-284 ligand to Cu B is shown, and this is covalently linked to tyrosine-288 (Y288). It is proposed that, upon oxygen binding to the reduced heme/copper 
center, the active-site tyrosine (Y288) is a hydrogen donor to dioxygen bound to the heme a 3 Fe. Many aspects hown are speculative and need to be 
examined experimentally. See text for details. 
hydrogen atom transfer (proton plus electron) from 
Y288 to the distal oxygen atom (i.e., the oxygen atom 
that is not directly bonded to the heme a 3 Fe). The 
X-ray structures uggest hat this is plausible. This 
results in the formation of compound P which, in this 
model, is heme a 3 oxofelTyl (Fe4+=O 2 ) plus 
HO Cu B plus the tyrosine-288 neutral radical. This 
would correspond to the species observed by reso- 
-1  nance Raman spectroscopy with a band at 804 cm 
[9,44]. The unique optical properties of compound P
are proposed to result from the details of the interac- 
tions on the distal side of heme a 3, as modulated by 
hydrogen bonds, for example, to the oxygen bound to 
the heme. Since V287 (adjacent to Y288) is in contact 
with a vinyl group of heme a3, a spectroscopic 
perturbation transmitted via the heme periphery is 
also plausible. After the formation of compound P, it 
is proposed that tyrosine-288 and the K-channel are 
no longer directly involved in the subsequent oxygen 
chemistry. The role of Y288, thus, is limited to 
provide a hydrogen that assures rapid cleavage of the 
O-O bond. This prevents the formation of peroxide 
as a possible side product, as would be the case if a 
proton were available to the proximal oxygen atom 
rather than the distal oxygen atom of the heme-bound 
dioxygen. The hydroxyl moiety of Y288 is not close 
enough to be an effective hydrogen or proton donor 
to the oxygen atom directly bound to the heme Fe, so 
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subsequent chemical protons (as well as all the 
pumped protons) must come from another pathway, 
presumably the D-channel. Note that, in this model, 
both of the protons taken up by the enzyme upon 
reduction of the heme/copper center are used eventu- 
ally in the formation of the product (water) and not 
per se to 'charge' the proton pump. Hence, the 
protons delivered by the K-channel are explicitly 
'chemical' protons in this model, although sub- 
sequent chemical protons are not delivered via the 
K-channel. The covalent linkage of Y288-H284- 
Cu B makes it possible to consider the electron 
distribution of the tyrosine neutral radical (YO')/ 
Cu~ + to be tyrosinate plus Cu 3+, i.e., (YO-)/Cu 3+, 
although there is no evidence at present for Cu 3÷ in 
the oxidase. The addition of hydrogen peroxide to the 
fully oxidized enzyme can result in the formation of 
the same postulated compound P species, since H20 2 
carries its own protons and electrons into the binu- 
clear center. Hence, the peroxidase reaction bypasses 
the need for the K-channel, as observed experimen- 
tally [20,23]. 
(iii) The third electron delivered to the binuclear 
center results in the formation of tyrosinate/Cu 2÷
(compound F) and the fourth electron reduces the 
heme a 3 oxoferryl to ferric hydroxide. Each of these 
redox reactions i coupled to net proton uptake and to 
proton pumping by a mechanism that is unspecified 
here, but could be postulated to be a version of the 
'histidine cycle' [8,46,47]. Proton uptake accompany- 
ing these steps cannot be through the K-channel, as 
shown by the experimental evidence discussed above, 
and it is postulated to be 'disconnected'. There is net 
production of one water molecule in the initial part of 
the oxidase reaction (Ox--->P). It must be postulated 
that this water molecule is situated such that it does 
not bridge the gap between the oxoferryl group and 
Y288 (reconnecting the K-channel), but perhaps the 
water molecule plays a role in the completion of the 
hydrogen bond pathway needed to link the active site 
of the enzyme to residue E286 and, thus, to the 
D-channel. Formation of compound P would, in this 
model, therefore, simultaneously disconnect the K- 
channel while connecting the D-channel to the en- 
zyme active site. Since internal water molecules 
appear to be important components in proton translo- 
cation pathways within the oxidase, an active role for 
the water produced as a product of the reaction in 
forming or stabilizing the pathway defined by the 
D-channel should be seriously considered. 
The model described above provides a reasonable 
explanation for the apparently limited role of the 
K-channel to the initial portion of the catalytic ycle. 
Several aspects of this model are subject to ex- 
perimental verification, and this work is in progress. 
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